We report a wide-field imaging method to rapidly and quantitatively measure the optical extinction cross-section s ext (also polarisation resolved) of a large number of individual gold nanoparticles, for statistically-relevant single particle analysis. We demonstrate a sensitivity of 5 nm 2 in s ext , enabling detection of single 5 nm gold nanoparticles with total acquisition times in the 1 min range. Moreover, we have developed an analytical model of the polarisation resolved s ext , which enabled us to extract geometrical particle aspect ratios from the measured s ext . Using this method, we have characterized a large number of nominally-spherical gold nanoparticles in the 10-100 nm size range.
Introduction
In the last decade, increasing attention has been devoted to methods for the optical detection of single nano-objects, which do not rely on the object's uo-rescence emission, but on its absorption and scattering properties (for a recent review see ref. 1) . These characteristics are particularly relevant for weakly luminescent systems, such as metallic nanoparticles (NPs), whose morphologydependent localized surface plasmon resonances (LSPR) produce large particle polarisabilities and, in turn, large absorption and scattering cross-sections at the LSPR frequency. Notably, these resonances can be exploited to image metallic NPs with high sensitivity, and to probe nanoscale regions in the NP vicinity via the local eld enhancement effect. Possible applications range from photonics devices, 2 catalysis 3 and photovoltaics 4 to biomedical imaging, 5,6 sensing 7-9 and medical therapy. 10 For many of these applications, it is essential to have a quantitative knowledge of the linear and nonlinear NP optical properties at the single particle level, beyond traditional ensemble-averaged measurements.
A number of approaches have been developed recently to measure the optical extinction cross-section s ext (dened as s ext ¼ P ext /I i with I i the incident intensity and P ext the total power lost, due to both absorption and scattering) of single NPs, and to separate this into the absorption and the scattering cross-section, via s ext ¼ s abs + s sca . The scattering cross-section s sca is most commonly measured using dark-eld microscopy, which offers the advantage of a wide-eld illumination with commercial easy-to-use optical set-ups and detector cameras and, in turn, the rapid observation of a large number of individual NPs simultaneously for statistical analysis. However, the quantication of s sca in absolute units in this technique is usually not reported, since it requires the detailed knowledge of the excitation and collection geometries, or a calibration reference. Moreover, for particles much smaller than the wavelength of light (dipole approximation), s sca decreases with the square of the particle volume, limiting the practical applicability of dark-eld microscopy to NPs of moderately large sizes (>20 nm diameter for gold and silver nanospheres 1 
).
A sensitive quantitative method to measure s ext uses a spatial modulation micro-spectroscopy (SMS) technique. 11 The method was shown to achieve detection of single gold NPs as small as 5 nm in diameter, corresponding to a sensitivity in terms of s ext down to about 5 nm 2 . However, for quantitative determination of s ext this method needs a precise knowledge of the modulation amplitude and beam prole at the sample. Moreover it is a modulation-based laser-scanning technique, therefore less amenable to the rapid characterization of a large number of NPs compared to wide-eld techniques. Additionally, it requires rather costly and specialized equipment. Similar considerations hold for photothermal imaging (PI), 12 another laser-scanning modulation-based technique. Moreover, in PI quantifying the absorption cross-section amplitude in absolute units is not trivial, since absorption is only indirectly detected in photothermal signals through the temperature change in the surrounding medium following NP heating.
We have recently shown a simple wide-eld microscopy method with which we measured s ext on a large number (>100) of single gold NPs rapidly, quantitatively in absolute units, and without the need for calibration standards or complex modulation techniques. 13 In this rst demonstration, we showed measurements on gold NPs of 40 nm and 100 nm diameter for proof-of-principle, and a sensitivity in s ext of around 500 nm 2 , limited by the acquisition speed of the consumer color camera used for detection. We also showed that we could characterize the NP asphericity by using linearly polarized illumination, however the measured polarisation dependence was not analyzed quantitatively to extract the geometrical aspect ratio of the NP.
Beyond linear optical properties, we also developed a nonlinear optical technique, which detects single gold NPs via their transient degenerate four-wave mixing (FWM) resonant at the LSPR. 6, 14 Owing to an interferometric and timeresolved detection, this technique is specic to gold NPs and background-free (contrary to the above mentioned methods), even in highly scattering and uo-rescing environments, such as cells and tissue. Notably, rather than providing the absolute value of s ext , the technique is sensitive to the change in the NP extinction induced by a short pump pulse at the LSPR. In turn, owing to the phase-sensitivity of the interferometric detection, we showed that we could measure the pumpinduced ultrafast change in the particle polarisability as a complex quantity, i.e. separating its real and imaginary parts.
14 The phase of this complex quantity was shown to be sensitive to the relative shi between the LSPR and the optical wavelength in the FWM experiment. Hence, beyond fundamental interest, this background-free, phase-resolved, intrinsic ratiometric readout, at the singleparticle level, could be exploited for LSPR-based sensing applications, for example using NP dimers as plasmon rulers.
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In this work, we report a major improvement on our previous wide-eld extinction microscopy method, which now enables us to reach a sensitivity in s ext of about 5 nm 2 , hence allowing detection of single 5 nm diameter gold NPs. The technique remains rapid, wide-eld, and easy to implement on any conventional microscope. We also present a method to extract the nanoparticle geometrical aspect ratio from the measured polarisation-resolved s ext using analytical formulas for elliptical particles. With this wide-eld extinction technique, we have characterized a statistically signicant number of gold NP conjugates fabricated in house, and used the measurements to distinguish single dimers from isolated particles and larger aggregates. We then performed FWM measurements on the same NP conjugates, allowing direct correlation with the optical extinction method. The results highlighted the promise of the FWM technique for sensing applications.
2 Wide-field extinction microscopy
Isolated quasi-spherical nanoparticles
The experimental set-up consists of an inverted microscope (Nikon Ti-U) equipped with a white-light illumination (halogen lamp 100 W with Nikon neutral color balance lter or light balancing LB200 optical blue Hoya lter), an oil condenser of 1.4 numerical aperture (NA) with a removable home-built dark-eld illumination of 1.1-1.4 NA, a choice between a 40Â 0.95 NA dry objective and a 100Â 1.45 NA oil objective, 1Â or 1.5Â intermediate (tube lens) magnication, a consumer Canon EOS 40D color camera attached to the le port of the microscope and the PCO Edge 5.5, a low noise, high frame-rate, grayscale (b/w), watercooled, scientic-CMOS camera (sCMOS), attached to the eye-piece side port. With the Canon camera, images were taken in Canon 14-bit RAW format with 10.1 megapixel resolution. The RAW images were converted using the DCRAW plugin in ImageJ, providing 16 bit RGB images with a linear response to intensity and no color balancing. The color camera enables a coarse spectroscopic detection, separating the three wavelength ranges of red (R) 570-650 nm, green (G) 480-580 nm, and blue (B) 420-510 nm. With the sCMOS camera, spectroscopic detection was achieved using bandpass lters (Semrock) in the excitation beam path, in the wavelength ranges of 470 AE 11 nm for blue, 530 AE 20 nm for green and 607 AE 18 nm for red.
The investigated samples were nominally spherical gold NPs of 10 nm, 30 nm, 40 nm, 60 nm, 80 nm and 100 nm diameter (BBI Solutions) drop cast onto a glass coverslip, covered in silicone oil (refractive index n ¼ 1.518) and sealed with a glass slide. Before use, glass slides and coverslips were cleaned thoroughly to avoid debris. Cleaning was performed rst with acetone and high-quality cleanroom wipes, followed by a chemical etch called Caro's etch, or more commonly, Piranha etch.
Extinction microscopy was performed as described in ref. 13 . Briey, the condenser NA was adjusted to match that of the objective. Two bright-eld images were taken; one with the NPs in focus, and another with the NPs either out-offocus (moving the objective by approximately d ¼ 15 mm axially away from the sample) or laterally shied by approximately 1 mm. Background images were taken for blocked illumination. To achieve the lowest shot noise with the Canon camera, the lowest camera sensitivity was used (100 ISO), for which the full-well capacity of the pixels of about N fw ¼ We call the background-subtracted, transmitted intensity of the bright-eld image with NPs in focus I f , and the defocused, or shied, intensity I 0 . In the defocused image, a NP distributes its effect over a radius of about r d ¼ NAd, making I 0 similar to the intensity I f in the absence of the NP. In the shied image, we directly measure the intensity in the absence of the NP, which has been sideways shied from its location. The extinction cross-section of a NP located within the area A i in the image can then be expressed as s ext ¼ In order to determine s ext of many particles from an extinction image, we developed an image analysis programme written in ImageJ macro language, as described in ref. 13 (updated version available). Isolated spherical NPs are distinguished using their extinction color. NPs with s ext largest in the color channel corresponding to the expected plasmon resonance are retained, i.e. green (red) for 10-40 nm (100 nm) spherical gold NPs having a LSPR dominated by the absorption (scattering) part of the extinction at around 540 nm ($590 nm) in a surrounding medium of 1.5 refractive index. NPs which likely correspond to aggregates, debris, or largely non-spherical NPs are excluded in this way. NPs of 60 nm and 80 nm nominal diameter have a size range distribution which allows for isolated particles to have a s ext largest in either the green or the red channel of the Canon camera. This was taken into account in the image analysis automated routine. The statistical results over 54 individual gold NPs of nominally 10 nm diameter are summarised in Fig. 1 , measured using the 100Â 1.45 NA oil objective, the sCMOS camera, and by laterally shiing the sample for reference. An example of an extinction image is shown in Fig. 1a , demonstrating the high contrast in visualizing single 10 nm NPs (which appear as two spots, one bright and one dark, due to the lateral shiing). We adopted a "time-symmetric referencing" procedure, namely I 0 was measured before and aer I f and its average value was used for reference. This reduces the effect of slow dris. The distribution of s ext in the G channel corresponding to the plasmon resonance has a mean of s ext ¼ 69 nm 2 , which is consistent with experimental and theoretical values found in the literature. 15, 16 The measurement noise in the experiment, s noise , is obtained from the standard deviation of the zero-mean distribution of s ext in image regions free of NPs. As shown in Fig. 1 , we ndŝ noise ¼ 5.9 nm 2 for the green channel, and down toŝ noise ¼ 5.3 nm 2 in the blue channel. Notably, this number is two orders of magnitude lower than what was shown in our previous work using the consumer Canon camera. The main reason for such reduction of s noise is the large number of averages (N a ¼ 25 600) possible with the high-speed sCMOS camera, while retaining a practically feasible total acquisition time over which setup dris are acceptable. The experimentalŝ noise is, however, still larger than the theoretical shot-noise limit of 3 nm 2 , as estimated using the expression in ref. 13 . This is likely due to a non-perfect referencing in the measurement of the extinction image D, namely I 0 not being identical to the intensity I f in the absence of the NP, even with local background correction. To that end, we nd that defocusing the objective givesŝ noise ¼ 25 nm 2 compared toŝ noise ¼ 5.9 nm 2 when laterally shiing the sample (under otherwise identical conditions), most likely because a lateral shi does not alter the beam path geometry and thus enables a better referencing. We also ndŝ noise ¼ 7 nm 2 when laterally shiing but without time symmetric referencing, indicating that sample/objective/camera dris play a role. Furthermore, at this sensitivity, the spatial and optical quality of the glass surface provides a spatial extinction structure which contributes toŝ noise .
In the histogram in Fig. 1 , the standard deviation of s ext is much larger than s noise and is dominated by the NP size/shape/environment distribution. The NP-related standard deviation,ŝ ext , is determined usingŝ ext 2 ¼ŝ total 2 Àŝ noise 2 , wherê s total is the total standard deviation of s ext as measured. Using dR/R ¼ŝ ext /(3 s ext ), we then inferred a size distribution dR/R ¼ 0.18 (R is the NP radius). This value is larger than the manufacturer specied distribution dR/R ¼ 0.10, as determined by electron microscopy. This suggests, consistent with the literature, that additional factors inuence the opticalŝ ext , beyond size uctuations, such as the NP asphericity, 17 uctuations in the local dielectric environment, and the electron-surface scattering damping parameter. 16 An overview of s ext andŝ ext in the green color channel for NPs in the 10-60 nm diameter range, and both green and red channels for 60 nm, 80 nm and 100 nm sized NPs, is shown in Fig. 2 . Measurements for NPs in the 30-100 nm size range were performed using the 40Â 0.95 NA objective, 1.5 magnier and the consumer Canon camera, as described in ref. 13 . For each nominal diameter, a statistical analysis on >50 individual gold NPs was performed. The bars indicate the standard deviationŝ ext . We also measured s sca using dark-eld, as described in ref. 13 , and in turn deduced s abs from s ext , as shown in Fig. 2 Fig. 2 , indicating good agreement (note how for the largest particles the scattering cross-section in the R channel dominates). Deviations between experiment and theory could be due to the spectral averaging of the color channel bandwidth, especially when using the consumer Canon camera. Furthermore, as mentioned in ref. 13 , the nite angular range of the objective implies an underestimate of the extinction. In Fig. 2 we also compareŝ ext with the manufacturer specied size distribution (black error bars) using dR/R ¼ŝ ext /( s ext g) with g ¼ 3 for small particles, where the extinction is dominated by absorption. For particle sizes larger than 40 nm diameter, g, such that s ext f R g , was extracted from s ext calculated from Mie theory using the sum of s sca and s abs at the corresponding LSPR wavelength. We nd thatŝ ext is generally larger than the manufacturer specications, again suggesting that additional factors inuence the opticalŝ ext , beyond size uctuations.
Nanoparticle asphericity
In our previous work, we showed that by measuring the dependence of s ext on the in-plane linear polarisation angle q of the exciting light we could extract information on the NP asphericity. 13 In particular, we tted the experimental s ext with the expression s ext (q) ¼ s 0 (1 + a P cos(2(q À q 0 ))), where s 0 is the polarisationaveraged s ext , a P $ 0 is the amplitude of the polarisation dependence, and 0 $ q 0 $ p is an angular offset, indicating the orientation (in-plane) of the NP asymmetry. We found that, within the measurement noise, aspherical NPs could be identied as those having a P larger than about 0.1 (in the red channel). However, the relationship between a P and the particle aspect-ratio was not derived, hence this parameter remained a phenomenological value rather than a useful structural quantity. Here we have developed a theoretical model for aspherical particles, with which we have simulated s ext (q) and, in turn, calculated a P as a function of the particle aspect ratio.
We describe a non-spherical particle as a metallic ellipsoid with three orthogonal semi-axes a, b and c. In the particle reference system, the polarisability Fig. 2 Extinction, scattering and absorption cross section measured in the G channel on a series of nominally spherical gold NPs with a nominal diameter from 10 nm to 100 nm (solid squares). For 60 nm, 80 nm and 100 nm diameters, the values measured in the R channel are also given (empty stars). The thick blue dashed (red dotted) line is the calculated absorption (scattering) cross section from Mie theory at the LSPR. Symbols (connected by thin lines as a guide to the eye) give the experimental cross-sections as an average over >50 individually measured NPs in the wide-field image, and bars give the standard deviation due to NP size/shape/environment distribution. Black bars are the manufacturer specified size distributions (see text). Note that 10 nm gold NPs cannot be measured in dark-field due to their small s sca .
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: 3 is the dielectric constant of gold, 3 m is the dielectric constant of the medium surrounding the NP, and L i with i ¼ a, b, c are dimensionless quantities dened by the particle geometry (see ESI †). We then expressed s ext as a function ofâ, taking into account that for an arbitrary particle orientation in the laboratory system, the polarisability tensor isâ ¼Â À1â 0Â ;
whereÂ is the rotation matrix transforming the particle reference system into the laboratory system, and a 0 is the polarisability tensor in the laboratory system. The absorption, scattering, and extinction cross-sections are calculated following ref.
19 (for more details see ESI †). If the polarisation of light is parallel to one of the symmetry axes of the particle, the extinction cross-section is given by:
where m ¼ 1, 2, 3 and k ¼ 2pn/l with l the wavelength in vacuum, n is the refractive index of the surrounding medium, and J denotes the imaginary part. If the particle is oriented in-plane at an angle g with respect to the laboratory x-axis, the extinction cross-section for an incident polarized light in-plane at an angle q with respect to the laboratory x-axis can be accordingly calculated using the rotation matrixÂ, and is found to be (for details see ESI †):
This represents a sinusoidal dependence of the measured extinction crosssection versus q, which can be rewritten as: 
With these formulas, for a non-spherical particle with in-plane asymmetry a > b (note that in the experiment we are not sensitive to the asymmetry in the z-axis), we calculated a P and s as a function of the particle ellipticity parameter 1 À b/a and the particle volume (4/3)pabc (where we used c ¼ ffiffiffiffiffi ab p ). We nd that in the limit of small ellipticity (a P < 0.5), a P is proportional to the ellipticity parameter and is almost independent of the particle volume (see ESI †). Thus, the ellipticity can be simply determined as 1 À b/a ¼ Ka P with the parameter K being a function of the wavelength range used in the experiment. For the G and R channels of the Canon 40D camera used in ref. 13 , we nd K G ¼ 0.568 and K R ¼ 0.339. Therefore a measured a P ¼ 0.1 in the R channel corresponds to an ellipticity 1 À b/a of 3.39%.
Nanoparticle dimers
We investigated the applicability of this wide-eld imaging method to the characterization of gold NP dimers fabricated in-house. Nominally spherical 40 nm diameter gold NPs coated with a nominal 6 nm thick silica shell were fabricated by BBI Solutions. We covalently bound them to bare 40 nm gold NPs in solution using (3-mercaptopropyl)trimethoxysilane (3-MT). Briey, this was achieved by mixing equal volumes (250 ml each) of bare and silica-coated NPs stock solutions (each at a concentration of approximately 9 Â 10 9 NP per ml) with 0.985 ml of water (Millipore) and 15 ml of 3-MT. The dimerisation reaction was monitored in real-time through the occurrence of a shied LSPR peak using absorbance spectroscopy and the reaction was stopped (typically aer 2 min) using N-ethylmaleimide. Examples of the type of dimers obtained in this way are shown in the transmission electron microscopy (TEM) images in Fig. 3 . For TEM imaging, 5 ml of the solution containing gold NP dimers was drop cast onto a TEM grid (3 mm diameter, 200 mesh amorphous holey carbon-coated copper grid (EM Resolutions)). The grid was then imaged using a 200 keV LaB 6 lament transmission electron microscope (Tecnai T20, FEI) with a 4096 Â 4096 pixel 16 bit bottommounted camera (BM Eagle, FEI). For optical measurements, solutions with gold NP dimers were covalently bound onto a glass coverslip functionalised with 3-MT, covered in silicone oil, and sealed with a glass slide. The solution contained a mixture of isolated NPs, dimers and larger aggregates (see overview TEM image - Fig. 3a) . We therefore investigated the applicability of our wide-eld microscopy method to characterize such a heterogeneous ensemble, and specically, to distinguish dimers from single particles and larger aggregates.
A cloud plot representing a combination of the extinction cross-section s ext measured for these NPs on glass in the G and R channels (using the 40Â 0.95 NA objective, 1.5 magnier and the Canon camera) alongside the asymmetry parameter a P (for s sca ) in the corresponding channels is shown in Fig. 4 . We chose to represent a P extracted from s sca due to its lower uncertainty compared to a P from s ext when measuring with the Canon color camera. 13 The coordinates were chosen as (i) the extinction cross-section represented by the sum of R and G channels s R + s G , (ii) the G to R cross-section contrast (s G À s R )/(s G + s R ), and (iii) the asymmetry ratio a PR /a PG . The cross-section indicates whether particles are single or aggregates, since this value will scale roughly proportional to the number of particles in the focal volume. The differential quantity (s G À s R )/ (s G + s R ) gives information on the spectral position of the LSPR, where we expect isolated spherical particles to have s G > s R , while dimers and aggregates will have s R > s G due to the red shi of the LSPR upon plasmonic coupling in a dimer with a gap much smaller than the NP diameter. 20 The ratio a PR /a PG is used to emphasize the asymmetry due to dimer formation, where we expect a PR /a PG T 1 for a single slightly aspherical particle and a PR /a PG [ 1 for dimers with small gaps. We can see a systematic trend in Fig. 4 , consistent with a closely-packed trimer. To conrm these attributions, for the two particles highlighted by black symbols in the cloud plot in Fig. 4 , we have measured the spectrally-resolved and polarisation-resolved extinction. We inserted a linear polariser in the white-light illumination beam path before the condenser, and coupled the transmitted light collected by the microscope objective (100Â 1.45 NA oil objective, 1Â intermediate magnication) into an imaging spectrometer (Horiba Jobin-Yvon iHR 550) equipped with a 100 lines per mm grating (input slit opening of 60 mm corresponding to $1 nm spectral resolution) and a CCD camera (Andor Newton DU-971N). Referencing was performed similarly to the extinction microscopy discussed in the previous section. Briey, a stripe-like region of the sample containing a NP in the center was imaged onto the input slit of the spectrometer and, in turn, onto the CCD camera. Within this stripe, image regions above and below the NP were used as a reference under identical spectral illumination conditions. A measurement without the NP (by lateral shiing) was also acquired to correct for irregularities in the camera pixels. Fig. 5a shows the extinction spectra for the particle highlighted as a black triangle in Fig. 4 . The spectra exhibit a single LSPR at around 540 nm, almost independent of the polarisation angle, supporting the attribution that this particle is an isolate quasi-spherical NP. Fig. 5b shows the extinction spectra for the particle highlighted as a black square in Fig. 4 , which exhibit a strong polarisation dependence and two distinct LSPRs (one at 535 nm and the second one at 575 nm) for two orthogonal polarisations, supporting the attribution that this particle is a dimer. Numerical simulations, using the soware COMSOL Multiphysics, of the extinction spectra of a gold dimer surrounded by a homogeneous medium of refractive index 1.5, calculated for the two in-plane polarisations along and perpendicular to the interparticle axis, are shown for comparison (dotted lines in Fig. 5 ). The best agreement between simulations and the experiment is found assuming that the two NPs Fig. 5 Extinction spectra on the particles indicated as black symbols in Fig. 4 for various in-plane linear polarisation angles q of the white-light illumination as indicated. The insets show the extinction versus polarizer angle at the indicated wavelength. (a) Spectra on the particle indicated by the black triangle in Fig. 4 . (b) Spectra on the particle indicated by the black square in Fig. 4 . Dotted lines are numerical simulations of the extinction spectra of a dimer consisting of a spherical NP of 32 nm diameter with a gap distance of 5.5 nm from a second particle of 33 nm diameter, calculated using COMSOL Multiphysics for the two in-plane polarisations along and perpendicular to the interparticle axis. Measured spectra were acquired using an exposure time of 0.1 s, and 200 frames average. forming the dimer have slightly different diameters of 32 nm and 33 nm (heterodimer model) and an interparticle gap of 5.5 nm. Larger diameters result in larger peak cross-sections, while different gaps do not reproduce the red-shied LSPR wavelength at 575 nm. Using NPs with different diameters enabled us to optimize the amplitude ratio between the longitudinal and transverse plasmon peaks. The deviation between simulations and experiment might be due to the imperfect sphericity of the particles, not included in the calculations. Furthermore, simulations assume an incident plane wave, and do not account for the experimental angular excitation and detection range.
Resonant four-wave mixing microscopy
Transient resonant four-wave mixing micro-spectroscopy was performed with a heterodyne interferometric detection very similar to the one discussed in our previous works, 6,14 the main difference being that we used an epi-detection geometry instead of a transmission geometry. Briey, optical pulses of $100 fs duration at 80 MHz repetition rate and 550 nm center wavelength were provided by the signal output of an optical parametric oscillator (OPO). The pulse train is split into three beams (pump, probe and reference), having all the same center wavelength (degenerate FWM scheme). The pump beam excites the sample with an intensity which is temporally modulated by an acousto-optic modulator (AOM) driven with a square wave amplitude modulation of about 1 MHz frequency. The change in the sample optical properties induced by this excitation is probed by the probe pulse at an adjustable delay time s aer the pump pulse. Pump and probe pulses of elds E 1 and E 2 , respectively, are recombined into the same spatial mode and focused onto the sample by a microscope objective (for the data shown a 40Â 0.95 NA) mounted into the same inverted microscope stand used for the extinction microscopy discussed in the previous section. The sample position is moved relative to the focal volume of the objective by an xyz piezoelectric stage. A FWM signal (proportional to E 1 E * 1 E 2 ) is collected in reection (epi-direction) by the same objective, and recombined in a beam splitter with the reference pulse of adjustable delay. The resulting interference is detected by balanced photodiodes (for common-mode noise rejection) and a dual-channel high-frequency lock-in amplier. We used a heterodyne scheme where the probe optical frequency is upshied by a radio-frequency amount using an AOM and its interference with the unshied reference is detected at the appropriate beat frequency, as in the scheme published in ref. 14. This enables us to discriminate the FWM eld from the pump and probe pulses and to detect the amplitude and phase of the eld. Full control of the pump, probe and reference polarisation was achieved using waveplates in each beam. Note that this interferometric time-resolved FWM detection enables background-free imaging of single gold NPs even in highly scattering and uorescing environments. In Fig. 6a we rst recall an example of FWM dynamics versus s measured on a single NP of nominal 40 nm diameter drop cast onto glass (from ref. 14) alongside the theoretical model discussed in detail in ref. 14. A key point is the ability of the technique to distinguish the real and imaginary part of the pump-induced change in the particle complex polarisability, indicated as D3 R and D3 I , respectively (where we dened an effective dielectric constant3 proportional to the NP polarisability a ¼ 4pR 33 for spherical particles, and denoted the pump-induced change as D3). Both D3 R and D3 I exhibit dynamics that are quantitatively explained by the model. These are due to the pump-induced increase in the electron temperature (which, in turn, broadens and shis the LSPR on a $100 fs time scale), followed by a recovery to equilibrium via the thermalization of the hot electron gas with the cooler lattice by electron-phonon coupling ($1 ps time scale), and the thermalization of the heated NP with the cooler surroundings ($100 ps time scale). We also observe coherent phonon oscillations in D3 R (see inset in Fig. 6a ). These are due to the modulation of the plasma frequency by the breathing vibrational mode of the NP with an oscillation period proportional to the particle radius 21-23 from which we infer a diameter of 38 nm for the specic NP shown.
Besides these dynamics, we showed in ref.
14 that the phase of D3 is sensitive to the spectral position of the LSPR relative to the probe optical frequency in the experiment. The phase is a ratiometric quantity independent of the signal strength, and therefore could be used for robust LSPR-based sensing applications. Owing to the red-shi of the LSPR occurring in a NP dimer (increasing with decreasing interparticle gap distance 20 ), we would thus expect that this phase measured at 550 nm wavelength in our FWM experiment would gradually change, going from a single quasi-spherical NP to a plasmonically coupled dimer (in a gap-dependent manner). To address this expectation, we measured such phase on the group of NPs identied as single quasi-spherical or dimers in Fig. 4 .
Since the experiment is performed in epi-geometry, we are detecting the complex quantity D3/3 via the ratio between the FWM eld E FWM f D3E 2 and the reected probe eld E 2r f3E 2 (as opposed to the transmitted probe eld E 2 in ref. 14) . The phase 4 of D3/3 calculated from D3 at s ¼ 0.5 ps for a spherical 40 nm NP (see Fig. 5 in ref. 14) is plotted in Fig. 6b together with the real and imaginary parts of3. From this calculation, we expect to observe 4 $ p for a NP at resonance and 4 > p when probing at shorter wavelengths compared to the LSPR. As shown in Fig. 5 , the LSPR of the coupled (longitudinal) plasmon mode in a dimer is signicantly red shied compared to the wavelength at 550 nm used in the FWM experiment. Hence, based on these qualitative considerations, we would expect to observe 4 > p in a plasmonically coupled dimer compared to 4 $ p in a single spherical NP. Fig. 6c shows the measured phase of the ratio E FWM /E 2r in a group of NPs from the plot in Fig. 4 , as a function of the asymmetry ratio a PR /a PG . Measurements were performed using a circularly polarized pump and probe and a co-circularly polarized reference, rather than linear polarisation as in ref. 14, to enable the excitation of dimers without prior knowledge of their orientation. We observe that NPs with a large asymmetry parameter ratio a PR /a PG > 2, indicating dimers according to Fig. 4 , tend to exhibit 4 > p compared to single quasispherical NPs with a PR /a PG < 2 and 4 $ p, in agreement with our qualitative expectation. A more in-depth understanding of the measured phase both experimentally and theoretically, including a careful calibration against instrumentrelated phase offsets in the set-up, 14 a conrmation that the measured particles are dimers via correlative TEM, and a more quantitative description of the expected dimer response versus interparticle distance and polarisation congu-ration is in progress and will be published in a future manuscript.
Conclusions
In conclusion, we have developed a rapid and sensitive method to quantitatively measure the optical extinction cross-section of individual nanoparticles using wide-eld imaging. The method enables simultaneous acquisition of hundreds of nanoparticles for statistical analysis with a sensitivity limit down to 5 nm 2 , corresponding to a single 5 nm gold NP, using acquisition times in the 1 min range. An experimental demonstration is shown on single nominally-spherical gold nanoparticles with diameters ranging from 10 nm to 100 nm. Importantly, the method can be implemented cost-effectively on any conventional wide-eld microscope and is applicable to any nanoparticle. Furthermore, we have investigated the effect of the particle asphericity on the optical extinction cross-section measured with in-plane linearly polarised light as a function of the polarisation direction, and derived, from theory, a simple expression linking these measurements to the particle aspect ratio. We also fabricated gold NP dimers and showed that the optical extinction cross-section analysis can be used to distinguish plasmonically-coupled dimers from single quasi-spherical NPs and larger aggregates. Finally, we performed transient resonant FWM heterodyne interferometry on the same group of NPs characterized by the optical extinction cross-section analysis. We specically investigated the phase of the ratio between the FWM eld and reected probe eld, which is expected to be sensitive to the relative shi between the nanoparticle LSPR and the optical probe wavelength. A comparison between single NPs and dimers identied from the optical extinction analysis supported this expectation and highlighted the potential of these phase-resolved measurements for LSPR-based sensing applications.
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